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We consider a dark matter (DM) model that arises from the interplay of two renormalizable
dark matter models, namely the doublet-triplet fermion model and the doublet-triplet scalar model.
Despite being excellent exponents of the WIMP paradigm, the physics related to DM in each of these
models fails at the same time to account for neutrino masses. It turns out that from the combination
of these two models it is possible to generate neutrino masses at one-loop level in the four topologies
that are realizations of the Weinberg operator for neutrino masses at one loop. In this work, we
combine both models focusing mostly on fermionic dark matter lying at the electroweak scale. We
analyze the impact of the extra charged fields on the Higgs diphoton decay and find that, thanks
to the presence of the charged scalars, it is possible to have a viable DM region at the electroweak
scale.
I. INTRODUCTION
The astonishing discovery of the Higgs boson at the LHC has closed a stage of the Standard Model (SM) and at
the same time has reinforced the proposal of explaining the dark matter (DM) of the Universe by using the Higgs
portal (H†H) [1], one of the two dimension-2 terms that are gauge and Lorentz invariant within the SM. Scalar
and vector DM models naturally make use of the Higgs portal, whereas fermion DM models require an ultraviolet
realization [2–5]. In particular, we have the very well-known singlet scalar DM model [6–8] as the minimal realization
of the Higgs-portal scalar DM, and the singlet fermion [9–11], the singlet-doublet fermion [12–15] and doublet-triplet
fermion [16] DM models as the ultraviolet realizations of the fermionic Higgs portal. Other renormalizable scalar
DM models, such as the inert doublet model (IDM) [17, 18] and inert triplet model (ITM) [19–21], can also be
considered as realizations of the Higgs-portal scalar DM, since the Higgs-mediated scalar interactions also help the
SM yo communicate with the DM particle, leading to processes related to DM annihilation and detection.
In the doublet-triplet fermion dark matter (DTFDM) model [16] a vectorlike doublet with Y = −1 and a Majorana
triplet are added to the Standard Model, both odd under a Z2 symmetry. After the electroweak symmetry breaking,
the particle spectrum contains two charged fermions and three Majorana fermions, with the lightest Majorana fermion
being the dark matter candidate. The viable dark matter regions are the ones featuring a dark matter mass around
the electroweak scale and above 1 TeV [16, 22, 23]. When the DM particle is mainly doublet (triplet), the correct relic
abundance is explained for DM masses around ∼ 1 (2.8) TeV and when the mixing is arbitrary, the abundance can
be correctly explained for low masses, . 100 GeV. Regarding the LHC constraints, unlike the high mass region, the
low mass region is severely constrained from the Br(h → γγ) measurement [24]. More specifically, the total Z2-odd
fermion contribution to h→ γγ is always opposite in sign to the SM contribution and sizable due to the large values
of the involved Yukawa couplings, which in turn generates a considerable suppression on the Higgs diphoton decay.
Since the corresponding decay rate is close to or below the current limit from the ATLAS and CMS data [24], we
have that the promising low mass region is mostly excluded. However, this conclusion can be modified if extra scalar
charged particles are added in such a way that the Higgs diphoton decay is altered.
Despite the fact that the DTFDM model is an excellent exponent of the WIMP paradigm [25, 26]1, the physics
associated with the DM sector fails at the same time to account for other evidence of physics beyond the SM, such as
neutrino masses [28, 29]. Indeed, this fact not only concerns the DTFDM model but all the realizations of the Higgs
portal mentioned above, since the total lepton number is always conserved. Nevertheless, if extra scalar degrees of
freedom are added to the DTFDM model it is possible to generate neutrino masses through different realizations of
the Weinberg operator for neutrino masses at one-loop [30, 31]. For example, if a Z2-odd doublet scalar with Y = 1
is added we get the model classified as the T-3-C model with α = −1 in Ref. [32], which allows one-loop neutrino
masses through the topology T-3 [31], as in the radiative type III seesaw model [33–35]. If instead we add a real
triplet scalar, we arrive at a similar conclusion, this time with the model T1-3-H and α = 0 of Ref. [32] and with
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2the topology T1-III [31]. On the other hand, if we add both the doublet and the triplet scalars, the resulting model,
which corresponds to the T-1-2-F model with α = −1 in Ref. [32], allows the generation of radiative neutrino masses
through four different topologies, namely, T-3, T1-I, T1-II, and T1-III [31]. Consequently this model presents the
more complete set of irreducible topologies leading to realizations of the Weinberg operator at one loop [30, 31], with
the interesting feature that all of the Z2-odd fields have an active role in the neutrino mass generation.
In this paper, we show that such a model, which we denote as the doublet-triplet dark matter (DTDM) model,
not only provides a viable fermionic or scalar dark matter candidate, but also constitutes a general framework for
radiative neutrino mass generation compatible with the neutrino oscillation data. Furthermore, when the DM particle
is a fermion and lies in the region around the electroweak scale, we show that the model can give rise to the correct
Higgs diphoton decay rate [24] thanks to the contribution of all the Z2-odd charged particles.
The paper is organized as follows: in Section II we present the DTDM model and our notation. In Section III we
analyze the DM phenomenology of the model, where we focus mostly on the scenario of fermionic DM around the
electroweak scale. Additionally, we assess the impact of the Z2-odd charged particles on the Higgs diphoton decay in
that scenario. The one-loop neutrino masses are addressed in Section IV. Finally, our conclusions are presented in
Section V.
II. DOUBLET-TRIPLET DM MODEL
The model enlarges the fermion sector of the SM by adding an SU(2)L vectorlike doublet with Y = −1 and a
Majorana SU(2)L triplet, both odd under an exact Z2 symmetry, which are expressed as
ψ =
(
ψ0
ψ−
)
, ΣL =
(
Σ0L/
√
2 Σ+L
Σ−L −Σ0L/
√
2
)
. (1)
On the other hand, the scalar sector is enlarged by two Z2-odd SU(2)L-multiplets, a Y = 1 doublet and a real triplet:
H2 =
(
H+
H0+iA0√
2
)
, ∆ =
1
2
(
∆0
√
2 ∆+√
2 ∆− −∆0
)
. (2)
With this additional set of new particles it follows that the most general Z2-invariant Lagrangian of the model can
be written as
L = LSM + LF + LS + LI, (3)
where LSM is the SM Lagrangian, which comprises the scalar potential of the Higgs doublet H1, VSM = −µ21|H1|2 +
λ1
2 |H1|4. Also, LF refers to the kinetic and mass terms of the Z2-odd fermion particles,
LF = ψ¯iγµDµψ −Mψψ¯ψ + Tr[Σ¯LiγµDµΣL]− 1
2
Tr(Σ¯cLMΣΣL + h.c.), (4)
whereas LS contains the kinetic, mass, and self-interaction terms of the Z2-odd scalar particles,
LS = |DµH2|2 − µ22|H2|2 −
λ2
2
|H2|4 + Tr|Dµ∆|2 − µ2∆Tr[∆2]−
λ∆
2
Tr[∆2]2. (5)
Lastly, LI contains the different interaction terms between the Z2-odd particles and the SM ones:
LI =
[
−y1H†1Σ¯cLψcR + y2ψ¯cLΣLH1 − ζiL¯iΣcLH˜2 − ρiψ¯LH2eRi − fiL¯i∆ψR + h.c.
]
− VI. (6)
Here Li and ei represent the SM lepton SU(2)L doublets and singlets, respectively, and y1, y2, ζi, ρi and fi are Yukawa
couplings controlling the new interactions (i = 1, 2, 3). We assume Mψ and y1,2 to be positive and MΣ to be real [16].
The last term in Eq. (6) accounts for the interaction potential,
VI = λ3|H1|2|H2|2 + λ4|H†1H2|2 +
λ5
2
[
(H†1H2)
2 + h.c.
]
+ λ′3|H1|2Tr[∆2] + λ6|H2|2Tr[∆2] + µ
[
H†1∆H2 + h.c.
]
, (7)
where λ5 and µ have been taken to be real.
3A. Scalar sector
In order to preserve the Z2 symmetry once electroweak symmetry breaking occurs, a zero vacuum expectation value
for H2 and ∆ is assumed, along with µ
2
1 > 0, µ
2
2 > 0, and µ
2
∆ > 0. This entails that the SM Higgs boson h does not
get mixed with the Z2-odd neutral particles and the trilinear µ term is the unique term responsible for the mixing
among the CP-even neutral components as well as the charged components of the doublet and triplet Z2-odd fields.
By parametrizing the Higgs doublet as H1 = (0, (h+v)/
√
2)T , with v = 246 GeV, it follows that the CP-even neutral
and charged mass matrices in the basis (H0,∆0) and (H±,∆±), respectively, read
MS0 =
(
µ22 + λLv
2 1
2µv
1
2µv µ
2
∆ +
1
2λ
′
3v
2
)
, MS± =
(
µ22 +
1
2λ3v
2 − 12µv− 12µv µ2∆ + 12λ′3v2
)
, (8)
where λL = (λ3 + λ4 + λ5)/2 controls the trilinear interaction between the SM Higgs and H
0. The CP-even neutral
physical states η1,2 are defined through(
H0
∆0
)
=
(
cosα − sinα
sinα cosα
)(
η1
η2
)
, sin(2α) =
µv
m2η2 −m2η1
, (9)
whereas the charged ones κ1,2 are given by(
H+
∆+
)
=
(
cos θ − sin θ
sin θ cos θ
)(
κ1
κ2
)
, sin(2θ) =
−µv
m2κ2 −m2κ1
. (10)
Finally, A0 remains as the only CP-odd state in the spectrum with m2A0 = µ
2
2 + (λ3 + λ4 − λ5)v2/2. It follows that
the set of free scalar parameters of this model is chosen to be mA0 ,mκ1 ,mη1 ,mη2 , λ2, λ∆, λ3, λ
′
3, λ6, and µ, with the
quartic couplings subject to the following vacuum stability and perturbativity conditions [18, 21, 36]:
λ3 +
√
λ1λ2 > 0; λ3 + λ4 − |λ5|+
√
λ1λ2 > 0; λ
′
3 +
√
λ1λ∆ > 0;
λ6 +
√
λ2λ∆ > 0; λ3, λ
′
3, λ6 < 4pi; λ2, λ∆ <
4pi
3
. (11)
Thus we expect either η1, η2, or A
0 to be the lightest particle in the Z2-odd scalar spectrum for an appropriate choice
of the scalar couplings.
B. Fermion sector
Since H1 is the only scalar having a nonzero vacuum expectation value (VEV), the y1,2 terms in Eq. (6) are the
only ones that generate a mixing between ψ and ΣL. The ζi, ρi, and fi terms represent pure interaction terms that
may induce both coannihilation and lepton flavor violation (LFV) processes, and two of them (ζi and fi) enter in the
neutrino mass generation. Consequently, the Z2-odd fermion spectrum of the DTDM model is the one of the DTFDM
model [16]. Thus, the fermion mass matrices for the neutral [in the basis Ξ0 = (Σ0L, ψ
0
L, ψ
0c
R )
T ] and charged [in the
basis Ξ−R = (Σ
+c
L , ψ
−
R)
T and Ξ−L = (Σ
−
L , ψ
−
L )
T ] sectors are given by
MΞ0 =
 MΣ
1√
2
yv cosβ 1√
2
yv sinβ
1√
2
yv cosβ 0 Mψ
1√
2
yv sinβ Mψ 0
 , MΞ± = ( MΣ yv cosβyv sinβ Mψ
)
, (12)
with y =
√
(y21 + y
2
2)/2 and tanβ = y2/y1
2.
It follows that the Z2-odd particle spectrum of this model includes two charged fermion particles χ
±
1,2 with masses
mχ±1,2
= 12
[
Mψ +MΣ ∓
√
(Mψ −MΣ)2 + 2y2v2
]
implying that mχ±2
> mχ±1
, and three neutral Majorana states, χ01,
χ02 and χ
0
3 (not mass ordering is implied), with masses ruled by the characteristic equation
(MΣ −mχ0i )(m2χ0i −M
2
ψ) +
1
2
y2v2(Mψ sin 2β +mχ0i ) = 0. (13)
2 Note that these mass matrices are reminiscent of the very well-known neutralino and chargino mass matrices (in the decoupled bino
limit) in the minimal supersymmetric standard model [37].
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FIG. 1. The triplet fermion mass as a function of the dark matter mass in the electroweak DM region. The color code denotes
the allowed values of y and the dashed line corresponds to the points satisfying MΣ = −mχ01 .
Clearly the Z2-odd physical states are an admixture of the triplet and two doublets, with nonzero couplings to the
Z and Higgs bosons. On the contrary, in the symmetric case y1 = y2 (tanβ = 1) one of the neutral states is an
equal admixture of the doublet fermions without a triplet component and does not get a mass from the electroweak
symmetry breaking. This means that the neutral spectrum has one pure doublet state with a mass given by the
vectorlike mass. This can be easily understood after considering the similarity transformationM′Ξ0 = O
†MΞ0O, with
M′Ξ0 =
MΣ yv 0yv Mψ 0
0 0 −Mψ
 , and O =
1 0 00 1√
2
− 1√
2
0 1√
2
1√
2
 . (14)
Thus, we have that mχ01 = Mψ and the charged eigenstates are degenerate with the other two neutral states, i.e.
mχ02 = mχ±1
and mχ03 = mχ±2
3. In addition to this, the fermion sector also presents other interesting features in the
symmetric case [16]. First, there is a global SU(2)R symmetry that guarantees a null contribution to the electroweak
T parameter and all the mass eigenstates have no diagonal tree-level couplings to the Z boson, i.e., gχiχiZ = 0.
Second, when the condition MΣ < (y
2v2 − 4M2ψ)/(4Mψ) is fulfilled (and all the Z2-odd scalars are heavier than χ01),
the resulting DM candidate is pure doublet (|mχ01 | < |mχ02 |, |mχ03 |) with a vanishing diagonal coupling to the Higgs
boson gχ1χ1h at tree level.
These features have a profound impact on DM phenomenology analysis when χ01 is the DM candidate since the
direct detection via the exchange of a Z-boson or a Higgs boson would be zero at tree level (see Sec. III).
III. DM PHENOMENOLOGY
If the lightest Z2-odd particle is electrically neutral, either a fermion or a scalar, it will play the role of the DM
particle. Consequently, two main scenarios emerge according to whether the ζi, ρi, fi interactions affect the DM
annihilation or not. When these interactions are suppressed, the resulting DM phenomenology will be very much like
that of the doublet-triplet fermion (doublet-triplet scalar) DM model if the DM particle is a fermion (scalar), with
the Z2-odd scalars (fermions) not playing any role in the DM annihilation and detection processes. On the other
hand, to be efficient such interactions demand large values (& 1) for the Yukawa couplings and/or that the Z2-odd
scalar and fermion sectors be mass degenerate. In what follows we will only consider the scenario where the ζi, ρi, fi
mediated processes are not taking part in the DM annihilation, which is in turn favored by the bounds coming from
lepton flavor processes which, in general, favor small Yukawa couplings.
3 Note that the charged states (and therefore χ02 and χ
0
3) are degenerate when
MΣ = −Mψ . (15)
That is, all the fermion spectrum but χ01 is degenerate with a mass given by Mψ
[
(1 + y2v2)/(2Mψ)
]1/2
.
5A. Fermion DM
When the DM particle is a fermion, the model can account for the observed DM relic abundance in two distinct
regions [16, 22, 23]: one where the DM candidate lies at the electroweak scale and one around the TeV scale.
The heavy DM scenario arises when the fermion mixing terms are small y1, y2  1 and the DM particle is mainly
either doublet or triplet. Since the tree-level mass degeneracy between the DM particle and its charged SU(2)L partner
is lifted radiatively, and is thus small, the coannihilations are very efficient and the observed DM relic abundance is
only satisfied for heavy DM around the TeV scale. If the DM is mostly doublet, the resulting model is similar to the
pure doublet fermion DM and the lowest mass to saturate the relic abundance is ∼ 1 TeV [13, 38, 39], whereas, for
mostly triplet, the lowest mass is ∼ 2.8 TeV [19, 34].
On the other hand, the electroweak DM region results when the DM particle is χ01 in the symmetric case. Since
its diagonal couplings to the Z and Higgs bosons vanish at tree level, the DM does not annihilate through the s-
channel, but only through the t- and u-channels into gauge bosons W+W− and ZZ via the exchange of one of the
Z2-odd heavier fermion eigenstates. The annihilation channels are thus suppressed, and the total relic abundance is
achieved for low DM masses, between 80 and 220 GeV, and a large Yukawa coupling, y & 1. To understand this
last requirement, we may take a look at the expression for mχ±1,2
, if y is small, one of the heavier masses will be
nearly degenerate with the DM, thus making the annihilations very efficient. This possibility may be considered in
a way similar to that of the doublet fermion dark matter, which requires masses around the TeV scale [13, 38, 39],
but this is far from the much more appealing electroweak region. On the other hand, if y ∼ 1, the splitting between
the neutral eigenstates is large, annihilation is less efficient, and relic abundance is saturated at masses around 100
GeV. In Figure 1 we display the resulting parameter space consistent with the DM relic abundance reported by the
Planck Collaboration [40] after scanning over the free parameters of the model4. The maximum value for y is set as
a perturbativity condition. Below the minimum value for mχ01 ∼ 80 GeV, DM annihilations are no longer efficient5
while beyond ∼ 210 GeV they are too efficient. Note also that for any value of the pair y-mχ01 that saturates relic
density, there are two different allowed triplet mass regions: one where MΣ is always negative (MΣ < −mχ01) and one
where it can be either positive or negative but larger than −mχ01 .
In regards to direct detection for this scenario, the dispersion with nuclei is not possible at tree level because
spin-independent interactions rely on Z and/or h mediation and neither of them is present at leading order. However,
spin-independent interactions are allowed through loops mediated by the heavier Z2-odd fermions and gauge bosons
and through box (and twisted) diagrams involving gauge bosons. In principle, the loop suppression could take the
cross section out of reach of the sensitivity of current experiments, but due to the large Yukawa couplings required by
the relic abundance constraint, the LUX experiment [45] does place constraints on a portion of the parameter space,
as shown in Ref. [23].
Since there are two allowed triplet mass regions, direct detection places different constraints on each region. To
analyze them, we computed the effective h − χ01 − χ01 coupling using the expressions given in Ref. [23]; we then
calculated the spin-independent cross section, and imposed the most recent bound reported by the LUX experiment
[46].
The top row of figure 2 shows the allowed parameter space in the y −mχ01 plane with the color bar representing
the triplet mass MΣ. In the region where MΣ . −mχ01 (left panel), for the lowest mχ01 , MΣ can be as low as ∼ −1900
GeV, however, as mχ01 increases, MΣ becomes heavily restricted very rapidly, to the point that, for mχ01 around
85 GeV MΣ cannot be less than ∼ −500 GeV. Upon further increasing mχ01 , direct detection becomes even more
restrictive, leaving only a narrow strip in the y vs mχ01 plane and with the largest mχ01 being less than 130 GeV, at
that point, mχ01 ∼ −MΣ. On the other hand, in the region where MΣ & −mχ01 (right panel), at low values of mχ01 ,
direct detection restricts MΣ to be less than ∼ 160 GeV. As the dark matter mass increases, negative triplet masses
are favored, and for the largest DM mass considered it follows that MΣ ∼ −120 GeV. Notice that in this region all
values of the Yukawa coupling considered (0.5 ≤ y ≤ 3) are still viable, in contrast to the former region where y < 1.8.
The direct detection bounds also imply that the splitting between the DM mass and the next heavier fermion are also
constrained by LUX [46]. Defining δm as (|mχ02 | − |mχ01 |)/|mχ01 | we find that, according to the lower right panel of
figure 2, in the region where MΣ is mostly positive, small δm are only allowed for low DM mass and low y; e.g., for
δm < 1 the DM mass must be less than 110 GeV and y less than 1.5. As the DM mass increases, so must δm, with the
largest allowed value being ∼ 1.6. A similar situation arises in the region where MΣ is always negative. For δm < 1
the dark matter mass must be less than 90 GeV; a larger DM mass requires greater δm, with the largest allowed value
being 1.8, as shown in the lower left panel of figure 2. It is also worth noting that the color bar for both cases shows
4 The model was implemented in SARAH-4.4.2 [41] which generates an output to SPheno [42, 43] to obtain the physical spectrum, which
was then exported to MicrOMEGAS [44] to calculate the relic abundance.
5 To be consistent with collider bounds we have demanded that the lightest charged fermion is heavier than 93 GeV [23].
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FIG. 2. Parameter space of the electroweak DM region accounting for the observed DM relic abundance and consistent with
direct and indirect searches of DM. In the top row the color bar corresponds to the allowed values of MΣ while in the bottom
row it corresponds to the allowed values of δm, as defined in the text. The region in the left (right) panels satisfies MΣ < −mχ01
(MΣ > −mχ01), which corresponds to the region below (above) the dashed line in Fig. 1. Solid, dashed and dotted-dashed
lines represent the maximum value for mχ01
consistent with the Higgs diphoton decay rate reported in Refs. [24], [52] and [53],
respectively (see text for details).
that coannihilations between the DM and any of the heavier Z2-odd fermions are not allowed. The lowest allowed
δm is ∼ 0.23 which occurs in the region where MΣ > −mχ01 (right bottom panel) hence, coannihilations are always
Boltzmann-suppressed. This constraint on the splitting comes from relic density, if coannihilations are possible dark
matter is more efficiently depleted in the early universe. Such a scenario demands multi-component dark matter.
Indirect detection can also provide valuable information about the parameter space of the model. In particular, the
null observation of the gamma-ray excess in dwarf spheroidal galaxies (dSphs) places constraints [47] on the thermally
averaged cross section 〈σv〉. In the same vein, the constraints [48, 49] from the positron and antiproton measurements
[50, 51] are also relevant. In the case of the DTDM model, for the region of interest, the production of secondary
cosmic rays arises from dark matter annihilation into W+W− and ZZ via the t- and u-channels. We have compared
this to the aforementioned studies and found that since 〈σv〉 is at most ∼ 2× 10−26 cm3/s, it always lies well below
the excluded regions. As a result, indirect detection does not place any additional constraint on the parameter space
of the model.
Despite being an appealing and promising scenario, the electroweak DM region is severely constrained by the LHC
Run-1 measurement of the Higgs diphoton decay rate [24] since the Z2-odd charged states induce the Higgs decay to
photons at one loop. In fact, in the DTFDM model, almost the whole parameter space of this scenario is excluded6
6 It is worth mentioning that the preliminary Run-2 limits reported independently by CMS [52] and ATLAS [53] are below the limit from
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FIG. 3. The expectation for Rγγ as a function of the mχ01
in the electroweak DM region, with the color bar displaying the
combination of scalar couplings λ3 + λ
′
3. The left figure corresponds to the region where MΣ < −mχ01 and the right figure
to the region where MΣ > −mχ01 . All points satisfy, additionally, perturbativity, vacuum stability, relic abundance, direct
detection, and electroweak precision constraints. The solid, dashed and dotted-dashed lines represent the 2σ interval of the
Higgs diphoton decay rate from the Run-1 ATLAS+CMS analysis [24] and preliminary results from Run-2 reported by CMS [52]
and ATLAS [53], respectively.
due to the large suppression on Rγγ induced by the two Z2-odd charged fermions (such a suppression arises because
the fermion contribution is always positive, that is, opposite in sign to the SM contribution, and sizable due to the
large values of y).
Thus, in principle the same should occur in the DTDM model7. However, in the DTDM model there are extra
charged scalar fields, κ1,2, that also mediate the Higgs decay to two photons at one loop and may help to increase
Rγγ . To investigate the impact of the new Z2-odd charged scalar, we consider the limit where µ v, which is favored
by electroweak precision observables. The corresponding decay ratio reads [16, 22, 23]
Rγγ =
∣∣∣∣∣1 + 1ASM
[
λ3AS(τκ1)
4m2κ1
+
λ′3AS(τκ2)
4m2κ2
+
y2v2
mχ±2
−mχ±1
(
AF (τχ±2
)
mχ±2
−
AF (τχ±1
)
mχ±1
)]∣∣∣∣∣
2
, (16)
where ASM = −6.5 is the SM contribution from charged fermions and gauge bosons, AF (τ) = 2τ−2[τ + (τ −
1) arcsin2
√
τ ] and AS(τ) = −τ−2(τ − f(τ)) for τ ≤ 1, and τX = m2h/(4m2X). It turns out that there are two
possibilities in which the scalar contribution may modify the ratio to yield a result that is in agreement with ex-
perimental measurements: i) a sufficiently negative λ3,λ
′
3 that counteract the positive contribution from the Z2-odd
fermions, and ii) a sufficiently positive λ3,λ
′
3 that generate a negative but large contribution (twice that of the SM
contribution). Both possibilities are subject to the requirement of vacuum stability and perturbativity Eq. (11) which
demand λ3, λ
′
3 & −1 and λ3, λ′3 . 9, thus leaving the former possibility as the viable one.
To explore the impact on Rγγ we performed a random scan, taking as input points those that satisfy relic abundance,
direct detection constraints, vacuum stability and perturbativity. The relevant parameters are varied as follows:
0 < λ2, λ∆ < 4pi/3; |λ3|, |λ′3| < 4pi; 1.2 < mκ1,κ2/mχ01 < 3.0;
1.2 < mη1,η2/mχ01 < 3.0; mA0 = mη1 ; µ v. (17)
The last two conditions, together with mκ1 −mη1 6 85 GeV, which we checked, ensure that the new scalars do not
give sizable contributions to the electroweak precision observables, namely the S and T parameters. The constraint
on the mass ratio between the scalar and the DM is imposed to ensure that there are no coannihilation effects; hence,
the expected DM phenomenology is not spoiled.The scan results are shown in Figure 3, with all the points satisfying
the Run-1 combined analysis [24]. In particular, considering only the ATLAS limit [53] the allowed region slightly increases: mχ01
. 110
GeV for MΣ < −mχ01 and mχ01 . 95 GeV for MΣ > −mχ01 .
7 The DM region above TeV scale does not suffer from such difficulties since the Z2-odd charged fermions lie above the TeV scale and
therefore their effect on the Higgs diphoton decay rate is negligible.
8the constraints mentioned above. Points between the solid, dashed and dotted-dashed lines are consistent with the
Higgs diphoton decay rate from the Run-1 ATLAS+CMS analysis [24], and the preliminary results from the Run-2
ATLAS [53] and CMS [52] data, respectively. It is evident from the plot that λ3 + λ
′
3 < 0 is required in order to
have an Rγγ within the bounds from the Run-1 ATLAS+CMS analysis [24], with the largest mχ01 at 94 GeV for
MΣ < −mχ01 and 100 GeV for MΣ > −mχ01 . Note also that the allowed maximum values of mχ01 tend to be greater
if the preliminary results from Run-2 [52, 53] are taken into account.
A final discussion is in order on collider bounds which may constrain to some extent the electroweak DM region.
The main production processes associated with Z2-odd fermions at the LHC are the same as those of the DTFDM
model, qq¯′ → W±∗ → χ±1 χ02 [16, 23]. Since the Z2-odd scalars are coupled to Z2-odd fermions through the term
controlled by ζi, ρi, and fi, which are assumed small ( 1) in order to be compatible with LFV bounds (see Sec.
IV), it turns out that χ±1 can only decay to χ
0
1 via a virtual W
±. Thus, the characteristic signal to be looked for is
events with final states involving three leptons and missing transverse momentum, again as in the DTFDM model
[16, 23]. This signal has been explored by the CMS Collaboration at
√
s = 8 TeV [54] and
√
s = 13 TeV [55], and by
the ATLAS Collaboration [56], for the case of supersymmetric charginos and neutralinos, in the limit of χ±1 , χ
0
2 being
winolike with decoupled Higgsinos and squarks. When the bounds on the production cross section are translated into
this model lesser constraints are obtained [23], due in part to the nonwinolike character of χ±1 , χ
0
2, which leads to
the conclusion that the current LHC results do not constrain the electroweak DM region. Nonetheless, the analysis
made in Ref. [23] regarding the future reach of the LHC shows that this scenario can be completely explored with a
luminosity of 300 fb−1.
Regarding collider bounds on the Z2-odd scalars, these must be massive enough (& 45 GeV) in order to avoid
new decay channels of the gauge bosons. For the masses considered here (& 1.2mχ01 ≈ 96 GeV), such a limit does
not apply. On the other hand, the main production of the charged scalars at the LHC is via Drell-Yan processes
and, for SU(2)L-doublet scalars, their subsequent decays involve gauge interactions and strongly depend on the mass
spectrum. The final step is the decay of the lightest Z2-odd particle into the DM particle χ
0
1 plus a lepton through
the Yukawa interactions controlled by ζi and ρi (fi) for doublet (triplet) scalars. Regarding the doublet case and for
the mass spectrum mH0 ,mA0 > mH± , the decay modes H
± → `±χ01 (with ` = e, µ, τ) lead to the collider signature of
dileptons plus missing transverse momentum8. This signature is analogous to slepton pair production in the context
of simplified supersymmetric scenarios [57]. It follows that assuming a 100% branching ratio into ` = e, µ, the analysis
done in Ref. [58] excludes masses up to mH± ∼ 160 GeV. However, this limit is loosened either for a degenerate mass
spectrum (mH± −mχ01 . 70 GeV) [57] or when the branching ratio into tau leptons is appreciable or dominant (&
0.3)9. For the case of mH0 < mA0 < mH± , the decay chain involves the decays H
± →W± +H0(A0), A0 → Z +H0
and H0 → χ01 +ν, χ±1 +`∓, with the resulting signature of multileptons plus missing transverse momentum. When H0
directly decays into neutrinos and χ01, the signatures are the same as the ones in the IDM which lead to no applicable
bounds on the Z2-odd scalar masses within the electroweak DM region [59]. Lastly, for the triplet case we have the
single mass spectrum m∆± > m∆0 , with the decay modes ∆
± →W±+∆0 and ∆0 → χ01 +ν, χ±1 +`∓. As a result, the
signatures are multileptons plus missing transverse momentum, for which a similar result with respect to the doublet
case is expected.
B. Scalar DM
With respect to the DM phenomenology of this model, for the case of a heavy A0 (mA0 & mη1,2), we identify three
DM scenarios depending on the size of the entries of the neutral mass matrix: one where the DM is mostly doublet
((MS0)11  (MS0)22 and µ  v), one with triplet DM ((MS0)11  (MS0)22 and µ  v), and a scenario in between
((MS0)11 ∼ (MS0)22 ∼ µv). For the first scenario, the DM particle is η1 ∼ H0 and the viable DM mass regions are
those of the IDM, namely, around the Higgs funnel region and above 500 GeV [18, 60–67]. In the latter region, the
so-called high mass regime, the lowest DM mass that reproduces the observed relic DM density is obtained when
the interactions of H0 with the Higgs are negligible (λ3,4,5  1), and so the main channels contributing to DM relic
abundance are annihilation of the new charged (neutral) scalars via the t- and u-channels through the exchange of a
neutral (charged) Z2-odd scalar, thus producing gauge bosons. Additionally, the scalar annihilations mediated by a
gauge boson in the s-channel are also present. As λL (the parameter that mediates the trilinear interaction of H
0 with
the Higgs) is increased, new annihilation channels become available, requiring a larger DM mass in order to saturate
the relic abundance. A similar situation arises for the mostly triplet scenario (where η2 ∼ ∆0 is the DM particle):
in the pure gauge limit the channels that contribute to the DM relic abundance are similar to those of the mostly
8 The other possible decay modes including virtual gauge bosons increase the number of soft objects or degrade the signal.
9 Note that a large branching ratio into taus is favoured by the LFV bounds.
9doublet case, except for the fact that gauge interactions are now stronger, thus making annihilations more efficient.
As a result, the lowest mass that saturates the relic density is ∼ 1.8 TeV [19–21, 68, 69].
Regarding the mixed scenario, in the pure gauge limit, the DM particle lies between the above-mentioned cases. If
the couplings λL and λ
′
3 are not zero, the DM mass must be higher to compensate for the larger number of available
annihilation channels. Furthermore, in this scenario, if the DM particle is mainly triplet and a degenerate mass
spectrum is considered, the constraint on the DM mass would be loosened up to 1.1 TeV due to a net increase in
the effective degrees of freedom which lowers the effective cross section. On the contrary, when the mass degeneracy
within the triplet multiplet is lifted due to the mixing with the doublet (through the µ term), as well as the doublet
components being heavier, it is harder to saturate the relic density constraint due to loss of the effective degrees
of freedom entering in the thermally averaged cross section. It is worth noting that this mixed scenario may be
significantly constrained from electroweak precision measurements.
For the case of a CP-odd DM particle, A0, we have the same two viable DM mass regions of the IDM, but with
the condition of having µ  v in order not to modify the expectations in the high mass regime since it requires the
coannihilation of A0 with the other two doublet components.
IV. NEUTRINO MASSES
As it was mentioned above, neither of the doublet-triplet mixed scenarios give an account of neutrino masses. This
occurs because the new Z2-odd fields do not couple to the lepton doublet via renormalizable and gauge invariant
terms. In other words, in these models the lepton number (L) is conserved. Nevertheless, from the combination of
these models L-violating terms are automatically present, which lead at the end to radiative neutrino masses at the
one-loop level. Hereby the interplay of the doublet-triplet scalar and fermion DM models leads automatically to a
framework with massive neutrinos.
In the doublet-triplet scalar (fermion) DM model the trivial lepton number assignment L(H2) = L(∆) = 0 (L(Σ) =
L(ψ) = 0) guarantees L conservation. However, when both models are combined several new L-violating terms
appear. In particular, by keeping the same L assignment the lepton number is violated in one unit by each of the
Yukawa terms ζi, fi and ρi
10. This in turn means that it is possible to generate neutrino masses at the one-loop
level since the seesaw mechanism at tree level is not operative due to the vanishing vev of H2 and ∆. Depending on
which set of Yukawa couplings are used to build the one-loop neutrino mass diagram we have four different topologies
(displayed in Fig. 4) that lead to the three finite realizations of the d = 5 Weinberg operator [30, 31]. Specifically,
ζi generate c) and d) diagrams whereas fi generate a b) diagram, and both set of couplings enter in diagram a). In
both a) and b) diagrams the mixing fermion term y1 is mandatory and for the b) diagram the mixing scalar term µ
is also required. As electroweak eigenstates, the fermion triplet enters in each diagram, the scalar doublet is required
in three of them, the same occurs for the triplet scalar, and the doublet fermion enters in only two diagrams.
The general expression for the Majorana mass matrix from all the one-loop contributions displayed in Fig. 4 can
be written as
Mν =Λζζiζj + Λffifj + Λfζ(ζifj + fiζj), (18)
where
Λζ =
1
32pi2
1
2
3∑
k=1
mχ0k (U1k)
2
[
c2αF1(m
2
η1 ,m
2
χ0k
) + s2αF1(m
2
η2 ,m
2
χ0k
)− F1(m2A0 ,m2χ0k)
]
,
Λf =
1
16pi2
1
4
3∑
k=1
mχ0k (U3k)
2
[
s2αF2(m
2
η1 ,m
2
χ0k
) + c2αF2(m
2
η2 ,m
2
χ0k
)
]
,
Λζf =
1
32pi2
[
1
2
sαcα
3∑
k=1
mχ0k U1kU3k
[
F1(m
2
η2 ,m
2
χ0k
)− F1(m2η1 ,m2χ0k)
]
+sθcθ
2∑
k=1
mχ±k
V L1kV
R∗
2k
[
F1(m
2
κ1 ,m
2
χ±k
)− F1(m2κ2 ,m2χ±k )
]]
, (19)
10 In contrast, if we assign lepton numbers for the fermions such that L(ψ) = 1 = −L(Σ) = 1 and all the new scalars at zero, then lepton
number is violated in two units through the y1 term and also in two units by the Majorana-triplet mass term.
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FIG. 4. Feynman diagrams leading to one-loop neutrino masses. For the type (a) topology there are two Feynman diagrams,
one with charged particles running in the loop and one with neutral particles, only the neutral one is shown.
with U , V L and V R being the rotation matrices for the neutral, charged-left and charged-right fermions, respectively,
and we have used sα and cφ as a short-hand notation for the sine and the cosine of a given scalar mixing angle φ.
The loop functions read
F1(m
2
1,m
2
2) =
m21
m21 −m22
ln
m21
m22
, F2(m
2
1,m
2
2) =
m21 lnm
2
1 −m22 lnm22
m21 −m22
. (20)
Since Mν has a null determinant there is only one Majorana phase, the neutrino spectrum has one massless neutrino,
and the two nonzero neutrinos masses are set by the solar and atmospheric mass scales, e.g., for normal hierarchy
mν1 = 0, mν2 =
√
∆m2sol and mν3 =
√
∆m2atm. Furthermore, it is possible to parametrize five of the six Yukawa
couplings in terms of the neutrino observables so that there is only one free parameter. Specifically, for the case of
a normal hierarchy and by considering without loss of generality ζ1 as the free parameter, the most general Yuwawa
couplings compatible with the neutrino oscillation data are given by
fi =
1
Λf
[
±
√
Λfαii − Λ˜ζ2i − Λζfζi
]
, i = 1, 2, 3, (21)
ζj =
±1
Λf Λ˜α11
√
λ2mν2mν3Λ
2
f Λ˜(V
∗
13V
∗
j2 − V ∗12V ∗j3)2(Λfα11 − Λ˜ζ21 ) +
α1jζ1
α11
, j = 2, 3, (22)
where we have defined
Λ˜ ≡ (ΛfΛζ − Λ2ζf ), αij ≡ mν2λ2V ∗i2V ∗j2 +mν3V ∗i3V ∗j3. (23)
In addition, we have used M˜ν = U
T
PMNSMν UPMNS
and UPMNS = V P [70], with M˜ν = diag(0,mν2 ,mν3), the matrix V containing the Dirac phase and the neutrino
mixing angles, and P = diag(1, λ, 1) giving account of the Majorana neutrino phase.
For the case of an inverted hierarchy the parametrization would yield a similar result which we do not include. In
this way, it is always possible to correctly reproduce the neutrino oscillation observables within the DTDM model.
In order to estimate the size of the Yukawa couplings f1,2,3 and ζ2,3 for the electroweak DM region, we have repeated
the scan over the parameter space (see Eq. (17)) with 10−3 ≤ ζ1 ≤ 1, and assume CP conservation and a normal
hierarchy. As a result we have found that the Yukawa couplings f1,2,3 and ζ2,3 can be small as ∼ 10−3. Since such
couplings also control LFV processes, it follows that the corresponding rates can become rather suppressed because
they generically involve the product of two squared Yukawa couplings. Consequently, in the electroweak DM region
it is also possible to be compatible with the LFV constraints [71, 72].
11
V. CONCLUSIONS
In this paper we have considered an extension of the SM with an SU(2)L vectorlike doublet fermion, a Majorana
triplet, a scalar doublet and a real scalar triplet. Additionally, we imposed a Z2 symmetry which guarantees the DM
stability, where all new fields are odd while the SM ones are even. We showed that the model allows for either scalar
or fermion DM at the electroweak and TeV scales. For fermion DM at the electroweak scale, the DM particle is pure
doublet and satisfies the relic density constraint for large Yukawa couplings. We have shown that the most recent
limits from direct detection restrict the DM mass to be less than 135 GeV for MΣ < Mψ whereas for MΣ > −Mψ the
DM mass could go up to 215 GeV, in both cases with mχ01 & 80 GeV. Additionally we showed that due to the new
charged scalar fields, it is possible to satisfy experimental bounds from the LHC Run-1 on the Higgs diphoton decay
rate for a DM mass less than ∼ 100 GeV and λ3 +λ′3 . 0. The preliminary results from the LHC Run-2 suggest that
the allowed DM mass range may be larger. Finally, we found that in this model, Majorana masses for two out of the
three active neutrinos are generated at the one-loop level in four different topologies, with all new fields participating
in the mass generation mechanism. An expression for the neutrino mass matrix as well as a parametrization of the
relevant Yukawa couplings in terms of neutrino observables is provided.
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